We have previously reported that the green tea polyphenol epigallocatechin-3-gallate (EGCG) and the epidermal growth factor receptor-tyrosine kinase inhibitor erlotinib had synergistic growth-inhibitory effects in cell culture and a nude mouse xenograft model of squamous cell carcinoma of the head and neck. However, the mechanism of their antitumor synergism is not fully understood. In the current study, we investigate the mechanism of their synergistic growth-inhibitory effects. The treatment of squamous cell carcinoma of the head and neck cell lines with erlotinib time-dependently increased the expression of cell cycle regulatory proteins p21 and p27 and apoptosis regulatory protein Bim. EGCG alone had very little or no effect on the expression of these proteins among the cell lines. However, simultaneous treatment with EGCG and erlotinib strongly inhibited erlotinib-induced expression of p21 and p27 without affecting the expression of Bim. Moreover, erlotinib increased the expression of p53 protein, the ablation of which by short hairpin RNA strongly inhibited EGCG-and erlotinib-mediated growth inhibition and the expression of p21, p27, and Bim. In addition, combined treatment with erlotinib and EGCG inhibited the protein level of p65 subunit of nuclear factor-κB and its transcriptional target Bcl-2, but failed to do so in cells with ablated p53. Taken together, our results, for the first time, suggest that erlotinib treatment activates p53, which plays a critical role in synergistic growth inhibition by erlotinib and EGCG via inhibiting nuclear factor-κB signaling pathway. Characterizing the underlying mechanisms of EGCG and erlotinib synergism will provide an important rationale for chemoprevention or treatment trials using this combination.
Squamous cell carcinoma of the head and neck (SCCHN), a serious healthcare problem in the United States and worldwide, is one of the deadliest of all cancers with more than 45,000 new cases diagnosed each year in the United States and 15,000 deaths annually (1) . SCCHN is the sixth most common cancer worldwide and accounts for 3% of all cancers in the United States (1) . Despite advances in conventional therapies, including surgery, radiation, and chemotherapy, the overall survival rate for SCCHN has not been significantly improved in the past several decades (2) . These cancers generally begin as small and often unnoticed lesions inside the mouth. More than a third of untreated precancerous oral lesions undergo malignant transformation into squamous cell cancer.
Moreover, a large fraction of these precancerous lesions recur despite complete surgical removal, and the specter of second primary tumor development, which occurs in as many as 3% to 7% of cases, continues to haunt patients who have been successfully treated for their primary tumor (3) . It is therefore highly desirable to develop effective preventive approaches using specific natural or synthetic chemical compounds to reduce the incidence of SCCHN.
The tumor suppressor protein p53, which was originally identified as a transcription factor, plays a pivotal role in controlling the cell cycle, apoptosis, genomic integrity, and DNA repair in response to various forms of genotoxic stress. The regulation of p53 is complex and occurs mainly at the posttranslational level via multiple phosphorylation and acetylation events that contribute to its stabilization and activation (4, 5) . It is widely believed that differently modified forms of p53 differentially regulate patterns of gene expression, which then drive distinct biological responses. p53 can be activated in response to DNA damage (by ATM and Chk2), aberrant growth signals (by p14ARF), and by chemotherapeutic or chemopreventive drugs (6) (7) (8) (9) (10) . After activation, p53 can bind to the regulatory DNA sequences of target genes and activate their transcription. p53 target genes can be functionally grouped into four categories: cell cycle inhibition ( p21, reprimo, cyclin G1, GADD45, and 14-3-3), apoptosis (PERP, NOXA, PUMA, p53AIP1, ASPP1/2, Fas, Bax, and PIDD), genetic stability ( p21, DDB2, MSH2, and XPC), and inhibition of angiogenesis (TSP1, maspin, BAI1, and GD-AIF; refs. [6] [7] [8] [9] [10] [11] . In addition to its transactivation function, p53 can also act as a transrepressor. Accumulating evidence suggests that transcriptional repression of several genes by p53 is critically important for carrying out its functions (12) (13) (14) . Due to these roles, p53 is regarded as a "molecular guardian" of the genome.
Overexpression of epidermal growth factor receptor (EGFR) and its ligands, transforming growth factor-α and epidermal growth factor, are very common in SCCHN and occur in 80% to 90% cases, correlating with poor disease-free and overall survival and an increased risk of disease recurrence and metastasis (15) (16) (17) (18) (19) . Activation of EGFR leads to phosphorylation and activation of phosphatidylinositol 3-kinase/Akt signaling, which in turn activates nuclear factor-κB (NF-κB), leading to the transcription of genes regulating growth, apoptosis, angiogenesis, and invasion and those responsible for chemoresistance and radiation resistance (20) . The transcriptional targets of NF-κB include Bcl-2 and Bcl-xL (21, 22) , cyclooxygenase 2 (23), and survivin (24) .
Erlotinib (OSI-774 or Tarceva), an EGFR tyrosine kinase inhibitor, has strong antitumor and promising chemopreventive efficacies in a variety of cancer types, including SCCHN. It is currently being tested in the clinic either as a single agent or in combination with other drugs (25, 26) . The heterogeneity of the tumor cell population, redundant cellular growth, and constitutive activation of survival pathways severely limit the efficacy of erlotinib monotherapy. Epigallocatechin-3-gallate (EGCG), the most abundant and most active polyphenol present in green tea, has been extensively studied for its chemopreventive and antitumor effects in chemical-induced rodent carcinogenesis models and in cell cultures (8, 12, (27) (28) (29) (30) . We have previously reported that the combination of erlotinib and EGCG is a promising strategy for the chemoprevention of SCCHN (30) . The combination of the two compounds synergistically inhibited the growth of SCCHN by inducing cell cycle arrest and apoptosis (30) . However, the mechanism of this synergistic growth inhibition was incompletely characterized. In the present article, for the first time, we have shown that erlotinib induces the expression of cell cycle regulatory proteins p21 and p27, and the induction of apoptosis-regulatory protein Bim, in a p53-dependent manner. EGCG enhances the proapoptotic potential of erlotinib by inhibiting the expression of p21 and p27 without affecting the expression of Bim. Moreover, we have identified crosstalk between p53 and NF-κB signaling pathways induced by these compounds, which suggests that p53 inhibits expression of the p65 subunit of NF-κB and its gene product Bcl-2.
Materials and Methods

Cell lines
Tu177 and Tu212 cell lines, established from a laryngeal and hypopharyngeal tumor, respectively, were provided by Dr. Gary L. Clayman (University of Texas M.D. Anderson Cancer Center, Houston, TX). Tu686 and 686LN are paired cell lines from a primary tongue cancer and its lymph node metastasis, respectively. These were gifts from Dr. Peter G. Sacks (New York University College of Dentistry, New York, NY). 1986LN and 886LN cell lines, also provided by Dr. Peter G. Sacks, were derived from lymph node metastasis of squamous cell carcinomas of the tongue and larynx, respectively. SQCCY1 and SCC38 cell lines derived from oral cavity and tonsil fossa, respectively, were obtained from Dr. Shi-Yong Sun (Winship Cancer Institute, Emory University School of Medicine, Atlanta, GA). M4e cell was derived from 686LN via an in vivo selection in nude mice (31) . All cell lines were maintained in DMEM/F12 (1:1) medium supplemented with 10% heat-inactivated fetal bovine serum and antibiotics (streptomycin and penicillin G) in a 37°C, 5% CO 2 humidified incubator.
Reagents EGCG (Sigma Chemical) and erlotinib (Genentech) were dissolved in autoclaved water and DMSO, respectively, as stock solutions for in vitro studies. The reagents were further diluted in DMEM/F12 medium immediately before use. The final concentration of DMSO was <0.1%.
Cell growth inhibition assay
To test the effects of single agent EGCG and erlotinib on cell growth of SCCHN, sulforhodamine B (SRB) cytotoxicity assays were adapted from Skehan et al. (32) . Cells maintained in medium with 5% fetal bovine serum were seeded in 96-well plates at a density of 4,000 cells/well overnight prior to drug treatment. Afterwards, drugs were added as single agents in various concentrations (30 μmol/L for EGCG and 2 μmol/L for erlotinib), followed by incubation at 37°C and 5% CO 2 for 96 h. Cells were fixed for 1 h with 10% cold trichloroacetic acid. Plates were washed five times in water, air-dried, and then stained with 0.4% SRB for 10 min. After washing four times in 1% acetic acid and air-drying, bound SRB was dissolved in 10 mmol/L of unbuffered Tris base (pH 10.5). Plates were read in a microplate reader by measuring absorbance at 492 nm. The percentage of survival was then calculated based on the absorbance values relative to the untreated samples.
Annexin V-phycoerythrin staining for apoptosis
Tu686 and M4e cells were treated with EGCG (30 μmol/L), erlotinib (2 μmol/L), or their combination (EGCG 30 μmol/L + erlotinib 2 μmol/L) for 4 days, then trypsinized and washed in cold 1× PBS. The cells were then resuspended in 1× Annexin binding buffer (BD PharMingen), and then stained with Annexin V-phycoerythrin (Annexin V-PE; BD PharMingen) and 7-AAD (BD PharMingen) for 15 min at room temperature. The stained samples were measured using a fluorescence-activated cell sorting caliber bench-top flow cytometer (Becton Dickinson). FlowJo software (Tree Star) was used for apoptosis analysis.
Western blot analysis
Whole cell lysates were extracted from drug-treated cells using lysis buffer. Twenty-five micrograms of protein was separated on 8% to 12% SDS-PAGE, transferred onto a polyvinylidene difluoride membrane (Millipore) and immunoblotted with specific antibodies. Mouse anti-β-actin antibody (Trevigen) was used as a sample loading control. Immunostained protein bands were detected with an enhanced chemiluminescence kit (Amersham).
Transfection of packaging cells for viral production and infection of cells with virus
Packaging cells 293T were plated in 10 cm plates at a cell density of 5 × 10 6 a day prior to transfection in DMEM containing 10% heat-inactivated fetal bovine serum, but no antibiotics. shp53 and shGFP constructs in lentivirus vector were generous gifts from Dr. Didier Trono, Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland. Transfection of packaging cells and infection of mammalian cells were carried out using standard protocols described in the Tronolab web p53 and NF-κB in the Growth Inhibition of SCCHN site. 1 In brief, 293T cells were transfected with ∼6 μg of plasmids (1.6 μg pCMV-dR8.74, 1 μg pMD2G, and ∼3 μg of lentiviral vector) using lipid transfection (LipofectAMINE/Plus reagent; Invitrogen Corp.) according to the protocol supplied by the manufacturer. The virus-containing medium was used for infecting Tu686 cells.
Results
EGCG inhibits erlotinib-induced expression of cell cycle regulatory proteins
In our earlier study, we showed that erlotinib and EGCG had synergistic growth-inhibitory properties. Moreover, our study suggested that treatment of SCCHN with erlotinib time-dependently induced G 1 arrest with little apoptosis (30) . The presence of EGCG had time-dependent effects on erlotinib response. Initially, EGCG slightly increased erlotinibinduced G 1 arrest and later increased apoptosis (30) . In order to study the mechanism of cell cycle arrest, we examined the expression of cell cycle regulatory proteins p21 and p27 in a panel of SCCHN cell lines. As expected, erlotinib time-dependently increased the expression of both p21 and p27 in all except two of the cell lines tested, 886LN and M4e. Both 886LN and M4e lack detectable p53 expression. Treatment with EGCG alone also increased p21 expression to some extent in most cell lines, but less than that induced by erlotinib ( Figs. 1  and 4E ). This effect of EGCG on p21 and p27 expression is corroborated by the potentiation of erlotinib-induced cell cycle arrest by EGCG at earlier time points. However, combined treatment with erlotinib and EGCG inhibited the expression of p21 and p27 as compared with erlotinib treatment alone ( Figs. 1 and 4E) . These results suggest that EGCG inhibited erlotinib-induced expression of p21 and p27.
Erlotinib and EGCG induce the expression of proapoptotic protein Bim
We have reported previously that combined treatment with erlotinib and EGCG synergistically induced apoptosis of SCCHN (30) . To understand the mechanism of apoptosis, we examined the expression of Bim after treatment with erlotinib and EGCG, either as a single agent or in combination. Bim is a proapoptotic protein previously reported to be induced by EGFR-tyrosine kinase inhibitor to mediate apoptosis (33, 34) . As shown in Fig. 2 , treatment with erlotinib timedependently increased the expression of Bim in a number of SCCHN cell lines. EGCG as a single agent had very minimal effect on the expression of Bim (Fig. 2 ). Unlike the expression of p21 and p27, combined treatment with erlotinib and EGCG did not inhibit erlotinib-induced expression of Bim. In some cell lines, such as 886LN, combined treatment with EGCG and erlotinib increased the expression of Bim as compared with either agent.
p53 is required for the growth inhibition by erlotinib and EGCG Because p21 and p27 are well-established transcriptional targets of p53 and the Bim promoter has a binding site for p53, we next examined the expression of p53 in SCCHN. As shown in Fig. 3A , treatment with erlotinib time-dependently increased the protein level of p53 in SCCHN cell lines. EGCG alone had variable effects on the expression of p53, depending on the cell type. The transcriptional activity of p53 is regulated by complex posttranslational modifications by phosphorylation and acetylation (4, 5) . Next, we tested the phosphorylation of p53 at Ser 15 after treatment with erlotinib and EGCG, a site frequently phosphorylated by stress signaling and that regulates cell cycle arrest and apoptosis. Treatment with both erlotinib and EGCG increased the phosphorylation of p53 at Ser 15 in Tu686 cells, which was more potent after combined treatment (Fig. 3B ). To further explore whether p53 is important for the growth-inhibitory and apoptotic effect induced by erlotinib, EGCG and their combination, we measured the apoptosis of Tu686 and M4e cells by Annexin V-PE staining. As shown in Fig. 4A , EGCG alone induced almost no apoptosis (7.98% as compared with 4.84% in the untreated control) of Tu686 cells when compared with untreated control. However, erlotinib alone induced moderate apoptosis (30.38%), which was further increased after combination with EGCG (78.66%). In contrast, p53-negative M4e cells were resistant to apoptosis induced by EGCG, erlotinib, or their combination. These results suggest that erlotinib and EGCG have synergistic/additive apoptotic effect in cells with wild-type p53, whereas p53-null cells are resistant.
To further confirm the role of p53 in EGCG-induced and erlotinib-induced apoptosis, we down-regulated the expression of p53 in Tu686 cells using a lentivirus-based short hairpin RNA (shRNA) construct, and a pool of cells with ablated p53 was established by GFP selection (Fig. 4B) . Cells transduced with shGFP were used as controls. These cells were treated with erlotinib, EGCG, or their combination and total cell lysates were used to study the expression of p21, p27, and Bim by Western blotting. As shown in Fig. 4C , treatment with erlotinib induced the expression of p27, p21, and Bim in cells transduced with shGFP. However, in cells with ablated p53, there was very little or no increase in the levels of p27, p21, and Bim, suggesting that p53 is transcriptionally active in this cell line and is required for the erlotinib-induced expression of p21, p27, and Bim. The combination of EGCG with erlotinib inhibited erlotinib-induced p27 and p21 but not Bim expression in shGFP-transduced cells. This result is consistent with the previous results described in Figs. 1 and 2 . Furthermore, the basal level of p27 was increased after p53 knockdown. This is consistent with the observations in 686LN and M4e cells (Fig. 4E ). Both Tu686 transduced with shp53 and M4e cells have high proliferation rates, and because they are not affected by the treatments, become confluent at the time of harvesting. Confluent cells were arrested in G 1 phase and this might be responsible for the increased p27 levels.
We next examined the growth of these cells after treatment with erlotinib, EGCG, and their combination by SRB assay and methylene blue staining. As shown in Fig. 4D , treatment p53 and NF-κB in the Growth Inhibition of SCCHN with erlotinib strongly inhibited the growth of shGFP-transduced cells, but not of shp53-transduced cells. EGCG also inhibited the growth of control cells to some extent, but not of p53 knockdown cells. The combination of erlotinib and EGCG more potently inhibited the growth of shGFP cells, but only slightly inhibited the growth of shp53 cells. These results suggest that p53 is required for the growth-inhibitory effects of erlotinib, EGCG, and their combination. In order to further confirm the role of p53 in erlotinib-mediated and EGCG-mediated expression of p21, p27, and Bim, we used another cell line, M4e, which originated from 686LN and lost p53 during natural selection in nude mice (31) . These cells were treated with the compounds and total cell lysates were used to study the expression of p27, p21, and Bim. As shown in Fig. 4E , there was no increase in the levels of p21, p27, or Bim after treatment with both compounds alone or in combination in M4e cells. These cells were also resistant to erlotinib-mediated and EGCG-mediated growth inhibition (Fig. 4A) . These results again suggest that p53 is required for erlotinib-mediated and EGCG-mediated growth inhibition and for the expression of p21, p27, and Bim.
p53-dependent inhibition of NF-κB by erlotinib and EGCG
We next examined the protein levels of the p65 subunit of NF-κB and its transcriptional target Bcl-2 in Tu686 cells after treatment with erlotinib, EGCG, and their combinations. As shown in Fig. 5A, treatment with erlotinib or the combination of erlotinib and EGCG inhibited the protein levels of both p65 and Bcl-2. To investigate any possible crosstalk between p53 and NF-κB pathways, we next examined the expression of p65 and Bcl-2 in Tu686 cells with ablated p53. Treatment with Fig. 4 . p53 is required for the growth-inhibitory effects of erlotinib, EGCG, and their combination. A, Tu686 and M4e cells were treated with 2 μmol/L of erlotinib, 30 μmol/L of EGCG, and a combination of 2 μmol/L of erlotinib and 30 μmol/L of EGCG for 120 h, stained with Annexin V-PE, and the apoptotic population was determined by flow cytometry. B, the expression of p53 was knocked down in Tu686 cells by a lentivirus-based shRNA specific for p53. shGFP was used as control. Expression of p53 was determined in total cell lysates. C, Tu686 cells transduced with shGFP and shp53 were treated with 2 μmol/L of erlotinib, 30 μmol/L of EGCG, and a combination of 2 μmol/L of erlotinib and 30 μmol/L of EGCG for 72 h. Expression of p27, p21, and Bim in the total cell lysates was measured by Western blotting. D. Top, shGFP-transduced and shp53-transduced cells were treated with 2 μmol/L of erlotinib, 30 μmol/L of EGCG, and a combination of 2 μmol/L of erlotinib and 30 μmol/L of EGCG for 96 h. Cell growth was measured by SRB assay. Experiments were done in triplicate for each agent and reproducibility was confirmed by multiple independent experiments. Bottom, cells were treated as above and the plates were stained with methylene blue. E, 686LN and M4e cells were treated with 0.5 μmol/L of erlotinib, 30 μmol/L of EGCG, and a combination of 0.5 μmol/L of erlotinib and 30 μmol/L of EGCG for 72 h, and expression of p21 and p27 were determined by Western blotting.
the compounds efficiently inhibited p65 and Bcl-2 in cells with shGFP, but not in cells with shp53, suggesting that the inhibition of NF-κB pathway by erlotinib and EGCG is mediated via p53 ( Fig. 5B and C) . To further confirm that p53 is required for NF-κB inhibition, we examined the expression of p65 and Bcl-2 in M4e cells. Both erlotinib and EGCG or their combination failed to inhibit p65 and Bcl-2 in M4e cells (Fig. 5D ). These results again confirm that p53 is required for the inhibition of NF-κB pathway by erlotinib, EGCG, or the combination of erlotinib and EGCG.
Discussion
EGFR is overexpressed in 80% to 90% of SCCHN and is one of the best established and most widely accepted biomarkers for premalignant lesions of the head and neck and SCCHN (15) (16) (17) (18) (19) . Thus, inhibition of EGFR by using antibodies or specific EGFR-tyrosine kinase inhibitors such as erlotinib is a promising approach for the prevention and therapy of SCCHN. Unfortunately, only a very small percentage of patients (∼5%) respond to EGFR-tyrosine kinase inhibitor therapy, even if they have high EGFR expression (35, 36) . In order to make erlotinib therapy clinically more relevant and to select the optimal patients who could benefit from this approach, it is therefore important to understand the mechanism of erlotinib-mediated growth inhibition and to identify agents that could additively/synergistically increase the efficacy of erlotinib. We have previously reported that EGCG had a synergistic growth-inhibitory effect with erlotinib (30) . In the current study, we have shown several novel aspects of erlotinib-mediated cell signaling and the mechanism of synergistic growth inhibition by erlotinib and EGCG. Here, we have shown for the first time that erlotinib activates p53 and that erlotinib-induced and EGCG-induced cell cycle arrest and apoptosis were mediated via p53. Knockdown of p53 protected cells from erlotinib-mediated and EGCG-mediated growth inhibition (Fig. 4 ). Previously, we tested five SCCHN cell lines, four of which showed synergistic response to the combination of erlotinib and EGCG at all doses, whereas the 886LN cell line, which has no detectable p53 expression (30) , showed synergism only at higher doses of the combined agents. Moreover, the M4e cell line, which lost p53 during natural selection in mice (31) , was resistant to the erlotinib and EGCG combination, whereas the parental cell line 686LN was sensitive. Together, these results suggest that p53 has some role in the erlotinib-induced and EGCG-induced antitumor effect.
Second, we showed that p53 mediated erlotinib-induced and EGCG-induced expression of p21, p27, and Bim. p21 and p27 are well-established effectors that induce G 1 and G 2 -M arrest in response to various genotoxic stress. A growing body of evidence suggests that erlotinib induces the expression of p21 and p27 (37) (38) (39) . Moreover, several recent studies showed that erlotinib-induced apoptosis is mediated by Bim in non-small cell lung cancers (33, 34) . However, the mechanism of induction of p21/p27 and Bim by erlotinib is unknown. Ablation of p53 by shRNA inhibited the expression of p21, p27, and Bim. In two more cell lines (886LN and M4e) which lack detectable expression of p53, erlotinib failed to induce p21, p27, and Bim. Again, these cells were resistant to erlotinib or a combination of erlotinib and EGCG. These results suggest that p53 certainly plays a role in erlotinib and EGCG response in SCCHN cell lines. However, erlotinib also induced the expression of p21, p27, and Bim in SCCHN cell lines with mutated p53 (Tu177 and Tu212; data not shown). In addition to p53, these proteins can be induced by other p53 family members such as p73 (40) and by the members of FOXO (41) , and some members of the signal transducers and activators of transcription family of transcription factors p53 and NF-κB in the Growth Inhibition of SCCHN (42) . Further studies are warranted to study the mechanism of expression of these proteins in SCCHN with mutated p53.
Third, we explored the mechanism of antitumor synergy exhibited by erlotinib and EGCG. The overall response of cells to a particular stress is the balance between two sets of proteins, such as the cell cycle regulatory proteins like p21 and p27, and proapoptotic proteins like Bim, and is dependent on the magnitude of stress (dose). At lower doses, the growth arrest signal generally predominates over the apoptotic signal. But at higher doses, the apoptotic signal outplays the growth arrest signal. It is possible to shift the phenotype from growth arrest to apoptosis by inhibiting the targets responsible for arrest, such as p21. Several previous studies support this hypothesis. For example, expression of p53 in colorectal cancer cells induces both p21 and Puma, but cells undergo growth arrest through p21. Disruption of p21 via gene targeting induces apoptosis of these cells in a Puma-dependent manner (43) . Inactivation of p21 sensitizes cells to apoptosis via an increase of both p14ARF and p53 levels and an alteration of the Bax/ Bcl-2 ratio in response to chemotherapeutic drugs (44) . Some studies also suggest that the absence of p21 favors apoptosis (45) . Consistent with these studies, our results suggest that erlotinib induced the expression of cell cycle regulatory proteins p21, p27, and apoptosis regulatory protein Bim. However, cells underwent G 1 arrest with minimal apoptosis in response to erlotinib. Simultaneous use of erlotinib and EGCG time-dependently inhibited erlotinib-induced expression of p21 and p27 without affecting the expression of Bim and the phenotype shifted from growth arrest to apoptosis. How EGCG inhibits p21 and p27 remains to be elucidated. However, it is also possible that erlotinib protects Bim from EGCGmediated inhibition by stabilizing it via posttranslational modification. Particularly, studies conducted by Gong et al. suggest that erlotinib not only induces Bim, but also stabilizes it by posttranslational modification (35) .
Finally, we explored a novel erlotinib-dependent crosstalk between p53 and NF-κB signaling. We found that treatment with erlotinib and EGCG inhibited the protein level of p65 subunit of NF-κB and its target Bcl-2 in Tu686 cells with p53. However, these compounds failed to inhibit p65 and Bcl-2 after ablation of p53 by shRNA. Moreover, the compounds also failed to inhibit NF-κB (p65) and Bcl-2 in M4e cells. Both M4e and Tu686 cells with knockdown p53 were resistant to the compounds. These results suggest that p53 is required for the inhibition of NF-κB signaling by erlotinib and EGCG. It was reported previously that constitutive activation of NF-κB signaling prevented the transcriptional activation of p53, and the inactivation of NF-κB activates p53 to induce ap-optosis (46) . Other studies suggest that activation of p53 is required for the inhibition of NF-κB signaling (47, 48) . NF-κB plays a central role in the regulation of apoptotic pathways. Activation of NF-κB gene products in cancer cells is one of the major causes of chemoresistance. Inhibition of NF-κB gene products, particularly Bcl-2, Bcl-xL, and survivin, favors apoptosis. Several studies suggest that inhibition of AKT is important for the inhibition of NF-κB (49, 50) . AKT activates IκB kinase, which phosphorylates IκB leading to the activation of NF-κB. Our study suggests that inhibition of NF-κB by erlotinib and EGCG is not mediated by AKT because the compounds also inhibit AKT in cells with ablated p53 (data not shown). The decrease in the level of NF-κB (p65) by erlotinib and EGCG suggest that the inhibition might be due to proteosomal degradation or at the transcriptional level.
In conclusion, we have shown that erlotinib induces cell cycle arrest and apoptosis via p53-dependent induction of p21, p27, and Bim, and via p53-dependent inhibition of NF-κB and its antiapoptotic target, Bcl-2, in some SCCHN cell lines. The potentiation of the effects of erlotinib by EGCG is mediated via inhibition of the cell cycle regulatory signaling pathway. Drug-associated toxicities arising from high-dose single-agent intervention continuously pose challenges for the development of effective chemoprevention strategies. It was established by multiple studies in preclinical and clinical settings that combinations of two or more compounds are effective in lower doses with minimal toxicities (51, 52) . By describing the mechanism of synergy between these compounds as well as uncovering how they induce p53-dependent apoptosis, we have made the case for the rational combination of erlotinib with green tea polyphenols for further preclinical and clinical development. Indeed, a phase I clinical trial using low-dose erlotinib (100 mg t.i.d.) plus EGCG has been planned in an attempt to prevent carcinogenesis in patients with premalignant lesions of the head and neck at Emory Winship Cancer Institute, and another phase I/II trial in advanced non-small cell lung cancer is ongoing at Louisiana State University (NCT00707252).
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